Surface mining of coal in the western United States has rapidly increased in recent years, with much of the increase occurring in Montana and Wyoming. Water-quality impacts from such mining are a major concern in semiarid southeastern Montana where many of the coal beds are major aquifers. The quality of water obtained from these aquifers may be degraded because of methods used to mine the coal. Surface mining involves removal and stockpiling of overburden materials (spoils) in strips adjacent to the pit containing the coal. Following extraction of the coal, the pit is backfilled with the spoils. Dissolved solids may be leached as ground water moves through the spoils. Some ground water discharges to streams in the area, adding its load of spoilsderived dissolved solids to streamflow. If such dissolved-solids loads are large enough, streams will show an increase in dissolved-solids concentration.
Increased dissolved-solids concentrations resulting from surface mining of coal may conflict with the water-quality needs of the agricultural industry downstream from the mined area. Agriculture is Montana 1 s principal industry and accounts for much of the consumptive water use in the southeastern part of the State (Koch and others, 1977) . The Tongue River area supports an agricultural industry and also is the proposed site of numerous surface coal mines.
Resolution of conflicts is a major responsibility of agencies charged with managing water resources. Such agencies may rely on computer simulation models for evaluating potential impacts of planned developments. Recognizing the potential conflict between agriculture and mining in the Tongue River area, the U.S. Bureau of Land Management contracted with the U.S. Geological Survey for development of a model to evaluate effects of surface coal mining on dissolved solids. The resultant model is capable of temporal and spatial simulation of dissolved-solids concentration in the Tongue River under various landuse scenarios of surface coal mining and agriculture.
The purpose of this report is to document the model. The report discusses the theoretical development of the model, describes sources of data used in the model, provides input instructions, and lists the FORTRAN computer program. The final product of the overall project is intended to be a report explaining in detail the model's development and results of numerous simulations designed to assess the impacts of mining on dissolved solids in the Tongue River.
MODEL DESCRIPTION
The model simulates the hydrologic and dissolved-solids budgets of the Tongue River from the dam of the Tongue River Reservoir to the U.S. Geological Survey's streamflow-measurement station near Miles City ( fig. 1 ). The Tongue River is subdivided into five reaches to permit spatial simulation. River mileages are based on a report of the Montana Department of Natural Resources and Conservation (1976) . Model time step is monthly and each simulation is for a calendar year. The FORTRAN computer program (table 1) is composed of nine subroutines linked as shown in figure 2 and described in table 2. Model variables are defined in table 3.
Theoretical development
Streamflow and dissolved solids at the downstream end of a reach are simulated by routing an input quantity of streamflow and dissolved solids from the upstream end of the reach. Gains and losses of streamflow and dissolved solids within the reach are accounted for algebraically during routing. Although the model assumes a routing interval of 1 month, the actual routing interval from the Tongue River Dam to Miles City is highly dependent on streamflow magnitude. Using empirical equations presented by Boning (1974) , the routing interval for the mean annual streamflow was estimated to be 10 days. Conceptually, the monthly streamflow from the Tongue River Reservoir is instantaneously routed to Miles City; gains and losses to this routed streamflow occur simultaneously. Routing of streamflow and dissolved solids is accomplished by two primary equations. The streamflow balance of a reach is computed by the first primary equation
where all units are in acre-feet per month, s streamflow at downstream end of reach, is streamflow at upstream end of reach, Qp is precipitation received on stream surface, QE is evaporation loss from stream surface, Q^ is ground-water inflow, QGA is streamflow from gaged tributaries, s streamflow from ungaged tributaries, v°lume °f streamflow stored as ice, v°lume °f streamflow input by ice breakup, Q-IRF i s v°lume °f irrigation return flow, QID is volume of irrigation water removed, and is volume of other water losses.
The dissolved-solids balance of a reach is computed by the second primary equation:
where all concentrations are in milligrams per liter, SQUT *-s dissolved-solids load (in tons per month) at downstream end of reach, Sjjy is dissolved-solids concentration at upstream end of reach, Sgpf is dissolved-solids concentration of ground water, SGA is dissolved-solids concentration of gaged tributaries, SUGA * s dissolved-solids concentration of ungaged tributaries, SIRF *s dissolved-solids concentration of irrigation return flow, SID is dissolved-solids concentration of irrigation water removed, is dissolved-solids concentration of other water losses, is a factor (0.00136) to convert streamflow in acre-feet per month and dissolved-solids concentration in milligrams per liter into dissolved-solids load in tons per month, and the remaining variables are as defined for equation 1.
Streamflow and dissolved-solids load at the downstream end of the reach are used to compute dissolved-solids concentration in milligrams per liter as follows :
where DSOUT is dissolved-solids concentration in milligrams per liter, SOUT * s dissolved-solids load in tons per month, s streamflow in acre-feet per month, and is a factor (0.00136) to convert streamflow in acre-feet per month and dissolved-solids load in tons per month to dissolved-solids concentration in milligrams per liter.
Numerous peripheral equations are used to compute values for input to the two primary equations. Development of these peripheral equations is described in the following two sections.
Hydrologic components
Comparison of the impacts of dissolved solids caused by various scenarios of surface coal mining is the major intended use of this model. To facilitate comparability, simulated hydrologic conditions were restricted to a discrete number (six) instead of using stochastic methods to generate hydrologic conditions. The six hydrologic conditions are based on streamflow data because dissolved solids and streamflow are highly correlated. Hydrologic conditions, on a monthly basis, include the mean, plus one and minus one standard deviation from the mean, historic high and low flows, and instream flows. Instream flows are the minimum flows necessary for maintenance of the existing physical and biological stream environment. In the case of streamflow and runoff coefficient for Hanging Woman, Otter, and Pumpkin Creeks, the mean is replaced by the 50th percentile, the plus one standard deviation from the mean is replaced with the 75th percentile, and the minus one standard deviation from the mean is replaced by the 25th percentile.
Releases from the Tongue River Dam provide the initial input for each month of a simulation. Except for instream flows, the six hydrologic conditions were developed from a statistical analysis of streamflow records spanning 1948 to 1980 for a U.S. Geological Survey streamflow-measurement station downstream from and near the Tongue River Dam.
Instream-flow conditions were obtained from the Missouri River Basin Commission (1978) .
Changes in bank storage during a simulated month are assumed to equal zero or to be a negligible amount; therefore, no component for bank storage is included in the model. The period of record at the Tongue River Dam greatly exceeds that available for Hanging Woman, Otter, and Pumpkin Creeks, each of which had 8 years of record or less. For small samples of hydrologic data, Yevjevich (1972) cautions that the 50th percentile, rather than the mean, is a better estimator of central tendency, especially when the data contain extreme values. Because the three tributaries have such extreme values, the 50th percentile is used to estimate their most likely streamflow, and standard deviations are replaced by the 25th and 75th percentiles.
Streamflow from ungaged tributaries is estimated by using runoff coefficients based on unit area. These coefficients were calculated with streamflow data from Hanging Woman, Otter, and Pumpkin Creeks.
Precipitation records are available for a number of stations within or near the study area; however, most are of short duration or are incomplete. The longest and most complete record is for Miles City FAA Airport (near Miles City, Mont., fig. 1 ). Based on 41 years of record, the mean annual precipitation at that station is 13.93 inches. The monthly precipitation data for the model were statistically derived from the 1949-78 records for the Miles City station so they would correspond to the 1948-80 streamflow data used in the model.
Evaporation data applicable to the study area are available for Sheridan Field Station (20 miles south of Decker, Mont., fig. 1 ), which has a period of record of 1951-79. The data were recorded with a U.S. Weather Bureau Class A pan and were, therefore, converted to corrected evaporation by application of a 0.7 coefficient as suggested by Hewlett and Nutter (1969) . The mean annual corrected evaporation at the Sheridan station is 37.9 inches.
In the model, monthly amounts of precipitation and corrected evaporation are applied only to the stream surface areas of the Tongue River. This approach is used because inflows to the Tongue River from gaged and ungaged tributaries are not computed by hydrologic mass balance but are derived from analysis of historic streamflow records, which include the effects of precipitation and evaporation.
Irrigation withdrawals and return flows are important components of the model, because agriculture accounts for much of the consumptive use of water in the study area. Unfortunately, data are not available for actual volumes of irrigation withdrawals and return flows in the study area. These volumes were estimated by applying agricultural engineering practices to estimates of irrigated acreages (Woessner and others, 1981) . Acreage irrigated within the study area was provided by Glen Smith (Montana Department of Natural Resources and Conservation, Helena, Mont., oral commun., 1980 fig. 1 ). These historic data were also used in a water planning model developed for Montana by Boyd and Williams (1974) . The Huntley Project data represent the only long-term information available and were judged likely to be applicable for the Tongue River. Withdrawal rates are increased by 10 percent when the precipitation component of the model is set for historic low or minus one standard deviation. This decision was based on a 10-percent increase in plant water requirements during months of little precipitation (Glen Smith, written commun., 1980) . When the precipitation component is set to historic high or plus one standard deviation, the withdrawal rates are reduced by 10 percent. The model provides water for the entire irrigation season along the main stem Tongue River. Hanging Woman, Otter, and Pumpkin Creeks receive partial irrigation service, which involves a July 15 date for cutoff of irrigation water.
Tributary irrigation in the model is handled differently than Tongue River irrigation. Tributary streamflow is derived from statistical analysis of historic streamflow data and, as such, integrates all hydrologic components, including irrigation withdrawals, within the tributary drainage basin. Therefore, irrigation withdrawal rates for the three major tributaries are applied only to acreages in excess of those presently (1980) irrigated in that particular drainage basin.
Return flow occurs when irrigation water is applied in excess of the evapotranspiration requirements (consumptive use) of plants.
Some of the applied water may percolate beneath shallow aquifers and be lost from the return-flow system. The remaining water returns to the stream via surface or shallow-subsurface flow. No quantitative data on actual return-flow rates were found for the study area; however, agricultural engineering estimates for the Tongue River (Woessner and others, 1981) indicate that 35 percent of applied irrigation water goes for consumptive use and 15 percent is lost to deep percolation. Of the remaining amount, 65 percent returns to the stream in the month of application, and 35 percent returns in equal increments over the next 8 months. In addition to these flows, return flows emanating from the year preceding the simulated year must also be estimated. Such antecedent return flow rates are based on application of mean irrigation withdrawal rates in the antecedent year. Antecedent return flows to the tributaries are insignificant because of partial irrigation service.
Therefore, only the Tongue River receives antecedent return flows in the model. Ground-water inflow was estimated from base-flow studies conducted November 2-5, 1977, on the Tongue River as reported by Lee, Slagle, and Stimson (1981) . Analysis of their data indicated an overall ground-water inflow rate of 0.82 acre-foot per river mile per day, which equals 4,453 acre-feet of inflow in November for the 181-mile length of modeled river. Correcting for irrigation return flow that comprised part of the measured ground-water inflow, the volume of irrigation return flow in November for the modeled river distance was calculated to be 2,248 acre-feet. This value is based on an irrigated acreage of 14,500 acres and an irrigation return flow rate of 0.155 acre-foot per acre. Accordingly, the overall ground-water inflow rate measured by Lee, Slagle, and Stimson (1981) was reduced by 50 percent, to 0.41 acre-foot per river mile per day. In the model, each reach has a ground-water inflow rate, which is 50 percent of the rate measured by Lee, Slagle, and Stimson (1981) for that particular reach.
Part of the Tongue River streamflow is stored as ice during winter. Process-oriented models of ice storage and breakup are complex and beyond the scope of this model; therefore, ice storage for the model was estimated from ice-thickness data obtained by the Geological Survey during streamflow measurements on the Tongue River at the Tongue River Dam, near Ashland, near Brandenburg bridge, and at Miles City. Analysis of 9 years of that data indicated that ice generally occurred from December through February. During a simulation, streamflow is converted to ice based on surface area and average ice thickness of the reach being computed. In March, the quantity of streamflow removed as ice in the preceding 3 months is converted back to streamflow. Ice storage in reach 1 is reduced by 50 percent because records show that ice formation is inhibited by releases from the Tongue River Dam. Owing to lack of correlation between ice thickness and streamflow conditions, the same ice formation and breakup values are used in all simulations.
Provision is made for the model user to designate additional water losses. These losses could be due to the water requirements of specific industries, such as coal gasification plants, coal-fired electrical generating plants, or others.
Dissolved-solids components
Most dissolved-solids loads are computed by multiplying the volume of a hydrologic component by its associated dissolved-solids concentration. These concentrations are derived by various means.
Regression equations are used to estimate dissolved-solids concentration from streamflow input by the Tongue River Reservoir and Hanging Woman, Otter, and Pumpkin Creeks. The regression equations were derived from concurrent measurements of streamflow and dissolved-solids concentrations. Provision is made for the model user to input alternate concentrations at the Tongue River Dam in place of regression-derived values. The regression-derived dissolvedsolids concentrations for Hanging Woman, Otter, and Pumpkin Creeks are used to compute dissolved-solids loads from ungaged tributaries.
Dissolved-solids concentrations for ground-water inflow to the five Tongue River reaches are based on values calculated from a 1978 base flow study of the Tongue River (W. R. Hotchkiss, U.S. Geological Survey, written commun., 1981). Dissolved-solids loads from leaching of backfilled spoils are transported via ground water. In the model, the load generated by leaching of spoils is calculated using methods developed by McWhorter and others (1979) . The model equation is as follows:
where L is dissolved-solids load in tons per month, A is area of surface coal mine in acres, D is dissolved-solids concentration of spoil leachate in milligrams per liter, R is runoff coefficient for the mined drainage basin in inches per month, and F is a factor (0.0001133) to convert equation units into tons per month.
The dissolved solids leached from mine spoils are modeled as the quantity entering streams after such leachates reach steady-state input rates. Based on aquifer characteristics in the study area, the production of leachates may occur for hundreds of years (Woessner and others, 1979) . Therefore, it is assumed that all coal mines in the study area will discharge at a steady-state rate for a long time period, and they will all be discharging to streams at some common, but undetermined, time in the future. The model simulates this common future time.
Dissolved-solids loads removed by other water losses and irrigation-water withdrawal are computed as the product of the respective hydrologic component and the dissolved-solids concentration in the reach of withdrawal. For other water losses from Hanging Woman, Otter, and Pumpkin Creeks, such water is withdrawn from the Tongue River. The hydrologic components of precipitation, evaporation, ice storage, and ice breakup are not associated with a dissolvedsolids component.
The dissolved-solids load from irrigation return flow is based on an assumption of salt balance. That is, the dissolved-solids load removed by irrigationwater withdrawal is returned in full with return flow. Return flows occur in the month of withdrawal and for the 8 months thereafter. Monthly loads were, therefore, a summation of that month's return flow load and loads returning from prior months. Additionally, some dissolved-solids load is input by antecedent return flow from irrigation in the year prior to simulation. These loads occur in January through June and are added to return-flow loads generated in the simulated year. Only the Tongue River receives such loads, because antecedent return flows to the three tributaries are insignificant.
MODEL INPUT
Most of the data used to compute streamflow and dissolved-solids loads are contained in the computer program, mostly in subroutine BLOCK DATA. The model could be adapted to other hydrologic conditions for the Tongue River by replacing the internal data statements with data statements representing the new conditions. No provision is made for simulation of the extra day in a leap year, but leap-year computations could be made by resetting variable ND in subroutine SALINE.
The model user selects the hydrologic condition for each month of simulation by inputting values for the monthly flow designator (model variable MFD). These values determine the hydrologic condition of streamflow releases from the Tongue River Dam. The model releases are internally programmed to select appropriate hydrologic conditions for the other hydrologic components of the model (table 4) . Model output consists of a description of simulation conditions input by the model user, monthly results of the simulation, and a summary of simulation results. Under simulation results, the output for each month consists of the streamflow, the dissolved-solids load and concentration for each reach, and the initial streamflow from the Tongue River Reservoir. In addition, the contribution of dissolved-solids load due to return flow or mining along each reach is tabulated as a percentage of the current dissolved-solids load. During routing the model computes the components of the total load of dissolved solids and prints the percentage of the cumulative dissolved-solids load due to return flow or mining. In the simulation summary, tabulations for each month consist of the dissolved-solids load and the dissolved-solids concentration discharged from the Tongue River Reservoir and at Miles City. A statistical summary of monthly dissolved-solids concentrations and percentage loads due to return flow or mining is then listed for each reach. 1. C************************************* C************************************* 22 FORwATCOSTREAMFLOW STATUS DURING SIMULATION') *RITE(6,24) 24 FORMAT(' ***********************************') WRITE(6,30)MFO(1),MFD(2) WRITE(6,32)MFb(3),MFD<4) rtRITE(6,34)MFD(5),MFD(6) WRITE(6,36)MFD (7) 52 FORVATC ********************************************') WRIFE(6,54) WR1TE(6,56) ARITE(6,58) 54 FORMATCO *SSOLVED SOLIDS') 56 FORMA fC REACH 190. 191. 192. 193. 194. 195. 196. 197. 198. 199. 200. 201. 202. 203. 204 305 FORMAT(' *********************************************'////) 241.
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